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ABSTRACT
Radiation therapy is necessary treatment for many cancer patients due to its nonsurgical, yet aggressive and efficacious properties. In fact, over 50% of patients with
cancer will undergo some form of radiotherapy during the course of their treatment.
While the biological response to ionizing radiation has been examined over the years and
many adverse effects have been identified, the effects of radiation on mature cartilage and
musculoskeletal tissues are not well understood. Bone, once thought to be a tissue
relatively resistant to radiation, has recently been shown to have osteoporosis-like bone
atrophy after exposure to low doses (2 Gy) of radiation. The goal of this research was to
determine if radiation has any adverse effects on articular cartilage.
In our pilot study, we observed significant decreases in the stiffness of articular
cartilage in mice one week after low doses of ionizing radiation. Young’s modulus values
were about 90% lower in irradiated tissue compared with controls using indentation-type
atomic force microscopy (IT AFM). Histological analysis showed a qualitative decrease
in proteoglycan staining in irradiated cartilage compared with the control samples.
However, due to the limitations of IT AFM, we were unable to determine if radiation
affects only mechanical properties at the articulating surface of the cartilage, or if it alters
the bulk mechanical properties of the tissue.
In our follow-up study, we exposed fresh porcine cartilage explants with a similar
dose of radiation, and then cultured the cartilage samples for one week. At Day 7,
mechanical testing was performed at multiple length scales, utilizing both IT AFM and
microindentation. At both length scales, irradiated cartilage had significantly lower
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modulus values compared with control samples. Therefore, we believe that radiation
affects the entire thickness of the tissue, not just the superficial zone. Irradiated explants
also had an acute release of glycosaminoglycans (GAGs) 24 hours after exposure, and
GAG content in irradiated tissue was about 50% lower than that of controls at Day 7.
The results of these studies show that ionizing radiation has the potential to
adversely affect the functional properties of articular cartilage. Therefore, more
experiments are necessary to identify the severity of a radiation-induced injury using
more realistic models. Further research must be performed to elucidate the exact
mechanisms of this damage so that a viable therapy can be developed to protect against
this damage.
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CHAPTER ONE
INTRODUCTION

1.1 Motivation
Cartilage and musculoskeletal tissues have historically been considered relatively
insensitive to ionizing radiation because they that lack rapidly dividing and/or
undifferentiated cells. However, recent evidence has shown that bone is more sensitive to
radiation than once thought. Multiple studies demonstrate that exposure to low doses
(2Gy) of ionizing radiation results in osteoporosis-like bone atrophy within one week.
With radiation showing such detrimental effects on bone, we aimed to investigate the
effects of radiation exposure on cartilage.
The purpose of this research was to determine if ionizing radiation causes
functional changes to articular cartilage and, if so, elucidate the physiological
mechanisms of the alterations. Specifically, we aim to quantify the mechanical properties
of articular cartilage after radiation exposure. After characterizing the mechanical
properties, we performed biochemical testing on the extracellular matrix of cartilage to
determine which matrix components were reducing the stiffness of the tissue.

1.2 Research Aims
Aim 1: Quantify the Effects of Radiation on Articular Cartilage Mechanical Properties
The main functions of articular cartilage are to reduce friction and provide shock
absorption, allowing the joints to withstand the loads seen during normal everyday life.
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Therefore, proper mechanical properties are of vital importance for maintaining cartilage
function. In our pilot study, we used indentation-type atomic force microscopy (IT AFM)
to assess the compressive modulus of articular cartilage in mice 1 week after radiation
exposure. In subsequent experiments, we performed IT AFM and microindentation
mechanical testing on porcine articular cartilage explants that were cultured in
physiological conditions for 1 week after irradiation.

Aim 2: Evaluate the Effect of Radiation on the Synthesis and Degradation of the
Articular Cartilage Matrix
After observing a significant change in the compressive stiffness of articular
cartilage post-irradiation, we focused on identifying the underlying mechanism of this
change. Our next step was identifying matrix components in cartilage that were either
being degraded and/or having synthesis suppressed. The two main structural components
of articular cartilage’s extracellular matrix are proteoglycans and collagen II. Therefore,
we quantified sulfated glycosaminoglycan and collagen content in the tissue and culture
media.

1.3 Significance
This research represents the first study to measure the mechanical properties of
articular cartilage after exposure to ionizing radiation. While past experiments have
explored the effects of radiation on chondrocyte metabolism, these studies report
inconsistent results. In this work, we used consistent clinically relevant radiation dosing
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and time points to determine if articular cartilage is in fact sensitive to low doses of
ionizing radiation. The results of our mechanical testing experiments provide evidence
that articular cartilage’s response to radiation needs to be explored further to determine if
precautions need to be made to when irradiating tissue near a fully developed joint.
Additionally, the results from our studies on the extracellular matrix indicate that
alterations in glycosaminoglycan content is likely partially responsible for observed
mechanical changes. This work shows that clinically relevant doses of radiation can
cause significant effects on cartilage tissue function and identifies and clear need for
further investigation.
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CHAPTER TWO
LITERATURE REVIEW: RADIATION

2.1 Introduction to Radiation
Radiation Types
Electromagnetic radiation is energy that takes the form of a wave of electric and
magnetic fields. While many people associate the word “radiation” with ionizing
radiation, there are many forms of electromagnetic radiation that are non-ionizing (Figure
1.1). Common examples are non-ionizing radiation include thermal radiation, radio
waves, microwaves, infrared light, visible light, and most ultraviolet (UV) light. These
types of radiation have relatively long wavelengths, possessing insufficient energy to
ionize matter.
While non-ionizing radiation is considered much safer than ionizing radiation,
certain types of non-ionizing radiation have been shown to cause ionizing radiation
damage. For example, non-ionizing UV light (the majority of the UV spectrum) can
cause critical damage to a cell’s DNA by altering its chemical bonds. UV light is
considered an environmental human carcinogen, widely accepted as the leading risk
factor for skin cancer [1]. The health effects of most types of non-ionizing radiation
remain controversial, though. For instance, some groups show that radiation emitted by
cell phones is at least somewhat harmful, while other studies show no effect [2].
Therefore, this topic remains as a strong point of contention among the scientific
community.
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Ionizing radiation (IR) is defined as radiation with the ability to remove tightly
bound electrons from their atomic orbit, effectively charging the matter upon interaction
[3]. There are four primary types of IR: alpha particles, beta particles, gamma rays/Xrays, and neutrons.
Alpha particles consist of 2 protons and 2 neutrons [3]. Though alpha particles are
the most “ionizable” form of IR because they have the highest energy, this type of
radiation is considered relatively harmless to the body because their penetration range is
extremely limited. Alpha particles can travel only a few centimeters before being
dissipated by air, and the epidermis will immediately absorb alpha particles if they
contact the skin. However, if inhaled or ingested, alpha particles will cause severe
damage to tissue.
Beta particles are much smaller and have about half the electrical charge of alpha
particles [3]. However, they have a significantly greater penetration range than alpha
particles, allowing them to travel several feet in air and a few millimeters into tissue.
While beta irradiation can damage the skin, it lacks the range to penetrate into deep tissue
such as the bone marrow. Thin plastic or aluminum layers are sufficient to absorb and
contain beta particles [4].
Gamma rays and X-rays have essentially the same physical properties, as both are
massless and carry no net charge [3]. However, the distinction between gamma rays and
X-rays lies in their origin. Gamma rays originate from the nucleus and X-rays originate
from electrons. Gamma rays and X-ray are dangerous to the body because they have a
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long penetration range. Thick layers of dense materials like lead and steel are required to
provide sufficient shielding against gamma rays and X-rays [4].
While neutrons bound within their nucleus are stable, free neutrons are extremely
unstable and radioactive [4]. Neutrons are typically ejected from their original nucleus in
the processes of nuclear fusion and nuclear fission. Like X-rays and gamma rays,
neutrons are very dangerous to the body because they have a relatively long penetration
depth, though not as long as X-rays and gamma rays.

Figure 2.1 Electromagnetic radiation spectrum – Note the inverse relationship between
radiation wavelength and energy (as represented by temperature in this figure) [5].

There are also other forms of radiation that are of particular importance to travel
in outer space. During space flight, astronauts are exposed to several different types of
radiation originating from various sources, including trapped radiation, galactic cosmic
rays, and solar energetic particles [6]. The earth has two radiation belts named after their
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discoverer, James Van Allen. The inner belt contains mainly beta particles, while the
outer belt consists of both beta particles and protons. It is hypothesized that the radiation
inside these belts originates from solar wind that is trapped by the earth’s magnetic field.
Proton particles are typically created by ejecting protons from their nuclei, creating
highly energetic particles. Galactic cosmic rays are particles that are generated from
sources far away in our galaxy, generally believed to form during the blast waves of
supernovas. Galactic cosmic radiation consists of beta particles, protons, and high charge,
high energy (HZE) particles (often called heavy nuclei). HZE particles have a much
larger exposure (see page 9) than X-rays or gamma rays, making them much more
harmful to the body. Solar energetic particles are high-energy particles created by the
Sun, consisting of protons, beta particles, and HZE particles. The amount of solar
energetic particles released by the Sun increases during solar flare events, which vary in
frequency and have a cyclical pattern.

Figure 2.2 The space radiation environment – Radiation in space is derived from three
main sources: the Van Allen belts, galactic cosmic radiation, and solar particle events [7].
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Radiation Units of Measure
Radiation units of measure can often be confusing because there are several
different types of radiation-related measurements and many different units associated
with each measurement. To further complicate matters, many people still use traditional
units that are considered obsolete today, even though their use is extremely discouraged
by the scientific community. There are four main measurements of ionizing radiation:
radioactivity, exposure, absorbed dose, and equivalent dose.
The most elementary measurement of radiation is its radioactivity. This
measurement simply indicates how many atoms decay in a specific quantity of material
in a given period of time [8]. The traditional unit of radioactivity is the Curie (Ci), which
is the activity of 1g of 226Ra. Though the Ci is still a popular unit to use, the Système
international d'unités (SI) unit for radioactivity is the Becquerel (Bq). The Bq is defined
as the one nucleus decaying per second, so the unit for the Bq is s-1. Another common
radiation measurement is the exposure, or the ability of a radiation source to ionize
matter. Though scientists historically used the Roentgen unit when referring to exposure,
the SI unit for exposure that is commonly used today is the coulomb/kilogram (C/kg).
While radioactivity and exposure are important radiation measurements, radiation
biologists are most concerned with measurements regarding dose [8]. This is because
dose measurements are the metrics that indicate the amount of radiation absorbed into the
body. There are two measurements for radiation dose: the physical measurement called
the absorbed dose and the biological measurement called the equivalent dose. The units
used when comparing absorbed dose are the rad and the gray. While the rad is the
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traditional unit for absorbed dose, its use is now discouraged. The SI unit currently used
for absorbed dose is the gray, which is equivalent to 1 joule of energy absorbed per 1 kg
of matter. Finally, the equivalent dose is a metric that accounts for the absorbed dose and
also considers the biological effects of type of radiation emitted. Each type of radiation is
given a weighting factor (WR), which is multiplied times the absorbed dose to calculate
the equivalent dose (Table 2.1). The unit historically used for equivalent dose was the
rem (roentgen equivalent man), while the SI unit for equivalent dose is the sievert (Sv).

Table 2.1 Weighting factors (WR) for different types of radiation according to the
International Council on Radiological Protection Report 103 [9].

Radiation

Energy

WR

α particles
β particles
X-rays, gamma rays

20
1
1
[

< 1 MeV
Neutrons

[

1 - 50 MeV

[

> 50 MeV
Protons
Heavy nuclei

2
20

9

]
]
]

2.2 Radiation Therapy for Cancer Treatment
Ionizing radiation therapy is a well-established treatment used to control most
types of cancer. During treatment, radiation delivered to the tumor destroys DNA, RNA,
and proteins, preventing the growth and division of cancer cells [10]. In fact, more than
50% of all cancer patients will receive some form of radiation therapy during the course
of their treatment.

Types of Radiation Therapy
There are three primary types of radiation therapy: internal radiation therapy,
systemic radiation therapy, and external beam radiotherapy [10]. Internal radiation
therapy, also called brachytherapy, directly exposes the tumor to radiation by placing
radioactive material into the body. Brachytherapy is typically used to treat patients with
cancers of the lung, esophagus, eye, head, neck, breast, uterus, cervix, prostate, and gall
bladder. The radiation source is sealed into seeds or a catheter and is released when
located at the tumor site. Systemic radiation therapy used radiopharmaceuticals like
iodine (131I) to kill cancer cells. Radiopharmaceuticals are administered orally and
intravenously and are commonly used to treat thyroid cancer and adult non-Hodgkin’s
lymphoma. In external beam radiotherapy, radiation is emitted from a source outside the
body and is delivered to the site of the tumor.
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External Beam Radiotherapy
The most common cancer radiation treatment is external beam radiotherapy, used
on about 90% of patients who receive some form of radiation [10]. External beam
radiotherapy is most commonly used to treat breast, prostate, and lung cancer. The most
common type of external beam radiotherapy uses high-energy X-rays that are created
using a linear accelerator (often called a linac) [10]. While radiation oncologists try to
minimize damage to healthy tissue surrounding tumors, X-rays often have significant
lateral side scatter, often causing damage to healthy cells. However, many technologies
have been developed to more precisely deliver the radiation beam to the tumor site, thus
reducing unnecessary damage. These modalities include 3-dimensional conformal
radiation therapy, intensity-modulated radiation therapy, stereotactic radiotherapy, and
image-guided radiation therapy.
Another alternative to X-ray radiation is proton therapy. High-energy proton
particles have less lateral scatter than X-rays due to their relatively large mass. Moreover,
protons release their maximum energy at the end of their penetration range, whereas Xrays emit their maximum energy earlier in their range and slowly decrease as the
penetration depth increases (Figure 1.3). As a result, patients receiving proton therapy
will be placed so the tumor is positioned at the end of the range, preventing damage
behind the cancer.
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Figure 2.3 Dose profiles (Bragg peaks) for X-ray and proton radiation therapy. Note
how the X-ray profile (red line) peaks early in its range and slowly tapers off, while
protons (solid blue line) peak at the end of their range and rapidly decrease. Range
modulators can be used to vary the proton beam’s peak distance, which is often used to
treat larger tumors. Several doses are given in one treatment session to create a spread out
Bragg peak (SOBP) [11].

Cancer Radiotherapy Dosing
Radiation oncologists usually recommend several radiation exposures for each
patient’s treatment, spreading the therapy out over several weeks. The reasoning behind
this is twofold. They want to maximize the efficacy of the treatment while minimizing
the negative effect that radiation has on normal tissue. In the early days of X-ray
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radiotherapy, physicians would often deliver the patients a single large dose of radiation.
However, in the 1930s, Coutard realized that the therapy could be just as effective by
splitting the overall radiation dose into smaller fractions [12]. Furthermore, Ellis realized
that not only was fractionation important in minimizing normal tissue damage, but time
of delivery just as critical [13]. Ellis developed an equation for determining the nominal
standard dose (NSD) of a given radiotherapy treatment schedule to predict the biological
effect that the radiation would have on a patient’s skin.
Physicians today still use equations to predict the biological effect of their
treatment plans on patients’ skin and other organs, albeit they are more sophisticated. At
present, cancer patients are generally treated with a total dose of 45-70 Gy delivered in
fractions of 1.8-2 Gy [10]. Fractions are typically given 5 days each week, allowing the
patient 2 days of recovery. However, radiotherapy dose and timing are still constantly
debated among radiation oncologists and certain cancers are better treated with
modifications to the standard treatment.

2.3 Biological Effects of Ionizing Radiation
Radiation is generally known to have many adverse effects on biological tissue
and can potentially be lethal. The key to radiation damage lies in its ability to alter
chemical bonds, changing the structure of molecules critical to cellular function (Figure
2.4). The damage to DNA, RNA, and proteins usually leads to cell death and potentially
failure at the organ/tissue level. People exposed to high whole-body doses of radiation
usually undergo acute radiation poisoning, leading to vomiting, potential neurological
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and cardiovascular problems, and possibly death (Table 2.2). Radiation exposure is also
associated with increased cancer risk, and certain tissues are more susceptible to cancer
than others. For example, the chances of developing leukemia and thyroid cancer greatly
increase after radiation exposure due to their high radiosensitivity (Figure 2.5) However,
radiation induced damage also occurs in low doses delivered to a small amount of tissue,
as is the case during radiation therapy.

Figure 2.4 Biological response to ionizing radiation exposure over time [14].
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Table 2.2 Acute effects of exposure to high doses of ionizing radiation. The LD50/60
represents the dose required to kill 50% of the exposed population in 60 days [15].

Whole-Body
Dose (Sv)
0.5
1
1.5
3.2-3.6
4.8-5.4
8

Effect
Blood count changes
Vomiting (threshold)
Mortality (threshold)
LD50/60 (with minimum supportive care)
LD50/60 (with supportive medical treatment)
100% mortality

Figure 2.5 Sensitivity of different tissues to ionizing radiation [16].
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Early Radiation Effects
Radiation therapy can cause many side effects that occur immediately after
treatment, including fatigue, nausea and vomiting, diarrhea, painful urination, dry and
irritated skin, and hair loss [17]. Additionally, ionizing radiation can also cause burns to
the skin. However, unlike traditional burns, radiation induced burns are initially painless
until symptoms develop several hours after exposure. Typically, these side effects
subside within several weeks and hair grows back. However, fatigue is known to last for
several months.

Late Radiation Biological Effects
While most side effects of radiotherapy appear quickly after treatment, certain
radiation-induced symptoms only appear months or even years after radiation exposure
and can develop into chronic problems [18]. In fact, some studies report a progression of
late tissue damage 20-30 years after radiation therapy [19, 20]. Tissue atrophy, fibrosis,
necrosis, and vascular injury have all been associated with late radiation injury in tissues
including the skin, lungs, liver, and kidney [21]. While the complete mechanisms of the
damage are not well understood, it is believed that late radiation effects are caused in part
to chronic oxidative stress and inflammation.

16

2.4 References
1. Matsumura Y, Ananthaswamy HN. 2004. Toxic effects of ultraviolet radiation on the
skin. Toxicol Appl Pharmacol 195: 298-308.
2. Leitgeb N. 2012. Improved classification of evidence for EMF health risks. Health
Phys 103: 195-199.
3. Mettler FA, Upton AC. 2008. Medical effects of ionizing radiation, 3rd ed.
Philadelphia: Saunders.
4. Martin A, Harbison S, Beach K, Cole P. 2012. An introduction to radiation
protection, 6th ed. Boca Raton: CRC Press.
5. Patel N, Vo K, Hernandez M. 2012. Electromagentic radiation. 2012.
6. Miroshnichenko LI. 2010. Radiation hazard in space, 1st ed. Heidelburg: Springer.
7. Smith G. 1997. Radiation field journal. NASA Quest 2012.
8. Turner JE. 2007. Atoms, radiation, and radiation protection, 3rd ed. Weinheim:
Wiley-VCH.
9. International Commission on Radiological Protection. 2007. The 2007
recommendations of the international commission on radiological protection. Annals
of the ICRP 37: 1-141.
10. Lawrence TS, Ten Haken RK, Giacca A. 2008. Principles of radiation oncology. In:
DeVita VT, Lawrence TS, Rosenburg SA, editors. Cancer: Principles and Practice of
Oncology, 8th ed. Philadelphia: Lippincott Williams and Wilkins; p 307-327.
11. Wikipedia. 2012. Comparison of dose profiles for proton v. x-ray radiotherapy. 2012.
12. Coutard H. 1934. Principles of X-ray therapy of malignant disease. Lancet 2: 1-8.
13. Ellis F. 1971. Nominal standard dose and the ret. Br J Radiol 44: 101-108.
14. Wyrobek A. 2003. Ionizing radiation: A short primer. 2012.
15. National Council on Radiation Protection and Measurements. 1989. Guidance on
radiation received in space activities. NCRP Report 98: 1-227.
16. Seibert J. 1996. Syllabus of fluoroscopy radiation protection, 5th ed. Sacramento, CA:
California State Department of Health, Radiological Health Branch.

17

17. 2010. Side effects of radiation therapy. Am Fam Physician 82: 394.
18. Stone HB, Coleman CN, Anscher MS, McBride WH. 2003. Effects of radiation on
normal tissue: Consequences and mechanisms. Lancet Oncol 4: 529-536.
19. Eifel PJ, Donaldson SS, Thomas PR. 1995. Response of growing bone to irradiation:
A proposed late effects scoring system. Int J Radiat Oncol Biol Phys 31: 1301-1307.
20. Johansson S, Svensson H, Denekamp J. 2000. Timescale of evolution of late radiation
injury after postoperative radiotherapy of breast cancer patients. Int J Radiat Oncol
Biol Phys 48: 745-750.
21. Zhao W, Robbins ME. 2009. Inflammation and chronic oxidative stress in radiation
induced late normal tissue injury: Therapeutic implications. Curr Med Chem 16: 130143.

18

CHAPTER THREE
LITERATURE REVIEW: CARTILAGE

3.1 Anatomy of Cartilage
Cartilage is a flexible connective tissue that is found many areas of the body,
including the ribs, ears, nose, bronchial tubes, intervertebral discs, and at the ends of bone
in joints [1]. Unlike other connective tissues, cartilage is completely avascular, relying
solely on diffusion and convection for nutrient transport. As a result, cartilage has a very
limited ability to self-repair in the event of trauma or other injury. The main functions of
cartilage vary depending on types and location in the body. Cartilage tissue is made up of
cells called chondrocytes and their surrounding extracellular matrix (ECM). The cartilage
ECM is composed of varying amounts of water, collagen, glycosaminoglycans (GAGs),
and sometimes elastin, dependent on cartilage type.

Cartilage Types
There are three main types of cartilage: elastic cartilage, fibrocartilage, and
hyaline cartilage. Elastic cartilage is the least common type of cartilage found in the
human body. Elastic cartilage is found in the pinna of the ear and the epiglottis. Elastic
cartilage, yellow in color due to its high elastin content, is mainly composed of a dense
network of elastic fibers, some collagen II for additional support, and few
glycosaminoglycans (Figure 3.1) [2]. The primary functions of elastic cartilage are to
maintain shape and provide support to tissue.
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Figure 3.1 Elastic cartilage section stained with Verhoeff Van Gieson (VVG). VVG
stains elastin fibers and cell nuclei black and collagen red [2].

Fibrocartilage is located in the menisci of the knee, the annulus fibrosus of
intervertebral discs, and the intra-articular disc of the temporomandibular joint (TMJ).
Fibrocartilage is mainly comprised of dense networks of collagen fibers with a few
GAGs (Figure 3.2). Unlike elastic and hyaline cartilage, most of the collagen found in
fibrocartilage is collagen I, giving it the most tensile strength of the three cartilage types.
The functions of fibrocartilage are to provide support and rigidity to attached tissue.
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Figure 3.2 Fibrocartilage found in the meniscus of the knee stained with Masson’s
trichrome. Collagen fibers are stained blue and nuclei are stained black [3].

Hyaline cartilage, named after its shiny, glassy like appearance, is the most
abundant type of cartilage [2]. Hyaline cartilage is found in the brochial tubes, in the ribs
(costal cartilage), and in joints at the ends of bones, where it is called articular cartilage.
Hyaline cartilage is composed of collagen II and proteoglycan-rich network, often called
the “ground substance” (Figure 3.3). While fibrocartilage has greater tensile properties,
hyaline cartilage has greater compressive strength due to its abundance of proteoglycans,
as well as the superior compressive properties of collagen II compared to collagen I.
Hyaline cartilage is also important in human development, as cartilage models are used
for bone development during endochondral ossification (Figure 3.4). The main functions
of hyaline cartilage are to provide compressive strength and lubrication to articular
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cartilage in joints, maintain strength and flexibility to bronchial and costal cartilage, and
provide a model for bone growth during endochondral ossification.
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Figure 3.3 Healthy articular cartilage sample stained with Safranin O-Fast Green.
Safranin stains proteoglycans red and collagen green [4].

Figure 3.4 Endochondral ossification process during long bone development [5].
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Zones of Articular Cartilage
Articular cartilage is made up of four zones: the superficial zone, the middle
transitional zone, the deep zone, and the zone of calcified cartilage (Figure 3.5). The
superficial zone is the articulating surface of that provides a smooth surface and resists
the shear stresses seen in joints. It has the highest collagen content of all four zones, with
collagen fibrils arranged horizontal to the articular surface. Proteoglycan 4, also known as
lubricin, is a special molecule found primarily in the superficial zone of cartilage and the
synovial fluid. Lubricin has viscous, lubricating properties that help the articulating
surfaces resist shear stresses [6].

Figure 3.5 Zones of articular cartilage. Collagen alignment is shown using the blue,
green and black lines in the superficial, middle, and deep zones, respectively [7].
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Extracellular Matrix of Articular Cartilage
The surrounding matrix of cartilage mostly consists of water and structural
macromolecules, including collagen, proteoglycans, and other glycoproteins [8].
Collagens comprise about 50% of the dry weight of articular cartilage [9]. As stated
previously, the major collagen in articular cartilage is type II, with small amounts of
collagen V, VI, IX, X, XI [10]. Type VI and XI collagen are most abundant in the region
immediately surrounding the chondrocytes called the pericelullar matrix (Figure 3.6),
while type X is associated with the hypertrophic chondrocytes in the deep and calcified
zones [11].

Figure 3.6 Components of the cartilage matrix arranged into zones characterized by
their distance from the cell. Note how each region is composed of different collagen
types and collagen-binding proteins [12].
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The ground substance of articular cartilage is made up of proteoglycans, large,
complex biomolecules composed of a central protein core and covalently attached
sulfated GAG (sGAG) side chains. Proteoglycans account for about 30-35% of articular
cartilage dry weight [9]. The articular cartilage matrix contains two categories of
proteoglycans: large aggregating proteoglycans like aggrecan and versican and small,
interstitial proteoglycans like decorin and biglycan. The most abundant proteoglycan in
articular cartilage is aggrecan, which is made of up to 150 sGAG chains of keratin sulfate
and chondroitin sulfate attached to a core protein (Figure 3.7). Aggrecan molecules are
attached to long, non-sulfated GAGs chains called hyaluranon via the link protein [13].
These large hyaluranon-aggrecen complexes become entrapped with the collagen
network [14].

core
protein

KS

glycosaminoglycans

CS
Figure 3.7 The aggrecan molecule. This proteoglycan consists of a the core protein
shown in black with covalently attached keratan sulfate (KS) and chondroitin sulfate (CS)
glycosaminoglycan chains.
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In addition to proteoglycans and collagen, other proteins are present in articular
cartilage. Fibronectin, thrombospondin, and chondroadherin (CHAD) are all adhesive
proteins present in cartilage, while matrilin 1 and 3, and cartilage oligomeric matrix
protein (COMP) also appear in cartilage [8]. Relatively little information is known
regarding the function of many of these proteins, and a significant amount of research is
currently being performed to better understand these molecules.

2.2 Biomechanics of Articular Cartilage
Due to the primary functions of articular cartilage, to provide shock absorption
and lubrication to the joint, scientists and clinicians are very interested in the compressive
and lubrication properties of the tissue. Cartilage has unique mechanical properties that
enable the tissue to withstand the dynamic range of loads seen in joints during a person’s
lifetime. Studies have shown that the hip withstands result forces of up to five times a
person’s weight during running and walking [15]. Peak contact stresses in joints have
been estimated to range from 0.5-5 MPa during static conditions [16], but have been
found to increase up to 18 MPa during dynamic conditions like rising from a chair [17].
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Mechanical Models for the Characterizing the Behavior of Cartilage
The simplest model to use to characterize cartilage mechanics is the linear elastic,
homogenous, isotropic, model. This linear elastic model utilizes Hooke’s law:

where  is stress,  is strain, and E is Young’s modulus. The shear modulus is related to
the Young’s modulus and Poisson’s ratio using:

where G is shear modulus and  is Poisson’s ratio. However, cartilage demonstrates
viscoelastic properties so more advanced models must be used to address this complex
behavior.
Cartilage, unlike an elastic material, has been shown to have a time-dependent
strain rate that is associated with viscoelastic materials. For example, if cartilage is
compressed, energy will be dissipated after the load is removed. This energy dissipated is
called hysteresis. Viscoelastic materials like cartilage also exhibit stress-relaxation and
creep properties (Figure 3.8). During stress relaxation, when a material is held at constant
strain, the resultant stress decrease over time. During creep, when material is deformed to
a constant stress, increasing strain must occur to maintain the given stress. Viscoelastic
models that can be used to characterize articular cartilage range from relatively simple
models like the Maxwell model to more complex models like the quasilinear viscoelastic
(QLV) model.
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Figure 3.8 Stress relaxation (on left) and creep (on right) properties of viscoelastic
materials like cartilage [18].

Scientists studying cartilage mechanics also wanted to explore how interstitial
fluid flow affected the viscoelasic behavior of cartilage. Therefore, mechanical models
were created accounting for both the solid and fluid phases of the tissue. These biphasic
or poroelastic models came closer to predicting the true behavior of cartilage. However,
these approaches did not account for the electrically charged nature of the tissue. The
groups of Mow and Grodzinsky developed the distinctive, yet similar triphasic and
electromechanical models for articular cartilage, respectively [19, 20].

29

Mechanical Properties of Matrix Components
Compared to most tissues, chondrocytes have a very low cell density ranging
from 2-6 cells per 10,000 m2 in adults [21]. They typically make up less than 10% of
the total volume of the tissue [22]. While chondrocytes are critical for cartilage
metabolism, the ability of articular cartilage to absorb physiological loads depends
critically on the structure, composition, and integrity of the matrix. In other words, the
mechanical properties of cartilage primarily depend on the ECM, but the matrix
maintenance, degradation, and biosynthesis are performed by the chondrocytes [23].
Proteoglycans have been shown to be responsible for about 50% of the
compressive strength of articular cartilage [24]. This is due to the large aggregates of
sGAG chains on aggrecan, creating a high negative fixed-charge density within the
tissue. This fixed charged density creates a large osmotic swelling pressure in the
cartilage, as water is attracted to the negatively charged sulfate groups. The large osmotic
pressure within the tissue helps cartilage maintain its necessary compressive stiffness
[23]. Fluid movement into and out if the tissue is governed by the hydraulic permeability,
which is inversely related to proteoglycan concentration [23]. Therefore, lower hydraulic
permeability results in higher compressive stiffness of the tissue. Moreover, a decrease in
proteoglycans will decrease with compressive stiffness of the cartilage (Figure 3.9).
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Figure 3.9 Correlation between compressive modulus and proteoglycan concentration in
articular cartilage [25].

While proteoglycans are responsible for most of the compressive modulus of
articular cartilage, the tensile modulus of articular cartilage mainly depends on the
density, orientation, and degree of crosslinking of collagen fibrils within the tissue [26].
Cartilage exhibits a non-linear stress-strain behavior in tension due to the behavior of
collagen [27]. First, the randomly oriented collagen fibrils are aligning themselves in the
toe region, and then the stress-strain relationship is linear after the fibrils are aligned
(Figure 3.10). Collagen is also the main matrix component associated with shear modulus
in cartilage. Studies have shown that there is a positive correlation between the shear
modulus and collagen content in articular cartilage [28].
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Figure 3.10 Stress-strain relationship of articular cartilage in tension and the collagen
fibril behavior in the different regions [27].
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CHAPTER FOUR
EFFECT OF RADIATION ON MURINE ARTICULAR CARTILAGE
MECHANICAL PROPERTIES

4.1 Abstract
Purpose: Ionizing radiation can damage the structural integrity of skeletal tissue. Little is
known, however, regarding radiation’s effects on articular cartilage. While limited data
indicate high doses can reduce cartilage matrix synthesis, cartilage mechanical properties
following exposure have never been investigated. Therefore, the purpose of this study
was to assess whether ionizing radiation at low doses can have an effect on cartilage
mechanical properties.
Materials and Methods: A murine model was used to characterize the early effects of
ionizing radiation on the compressive stiffness of articular cartilage. Adult male and
female C57BL/6 mice were exposed to either 2 Gy of X-rays or 3 Gy of protons.
Mechanical testing was performed during the first week using atomic force microscopy
(AFM).
Results: Although limited tissue availability restricted the sample number in this small
study, significant reduction in the mechanical properties of articular cartilage was
observed after exposure, regardless of radiation quality. Using the Hertz model for
spherical indenter, the apparent Young’s modulus for the irradiated samples was nearly
10 times lower than controls.
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Conclusions: These results suggest that ionizing radiation could significantly alter
articular cartilage tissue mechanical properties, which motivates the need for further
investigation.

4.2 Introduction
Ionizing radiation has proven to be an important treatment option to suppress
tumor growth and eradicate cancer. However, radiation can damage normal tissues,
leading to debilitating or life-threatening side effects as a late radiation response [1].
Recent animal models have provided new insight into the sensitivity of skeletal tissue to
radiation exposure. In vivo studies have identified that skeletal tissue, particularly bone,
is more radiosensitive than previously considered, as it was observed that rapid atrophy
can occur within a week of exposure as a result as a result of increased osteoclast activity
[2]. As with bone, joints receive a significant dose of radiation during the course of
cancer treatment, as in the case of femoral head exposure during pelvic radiotherapy [3].
Articular cartilage at the joint’s surface is a skeletal tissue historically considered
radiation resistant compared to tissues with higher rates of cellular proliferation [4].
Nevertheless, little is known regarding late functional changes in articular cartilage
following radiation exposure.
Over the past 50 years, many studies have explored changes occurring in articular
cartilage after exposure to ionizing radiation, with conflicting results. Although some
groups observed that radiation has a limited or no effect on articular cartilage [5,6], some
clinical evidence shows that radiation exposure at therapeutically relevant doses (~30 Gy,
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fractionated) causes articular cartilage degeneration [7]. Research has also tried to
address the metabolic response of cartilage following exposure to ionizing radiation. This
is of particular importance because epiphyseal plate exposure to radiation has been
proven to cause metabolic dysfunction and inhibited skeletal growth both clinically [8]
and experimentally [9]. However, the effect of radiation on mature articular chondrocytes
is not as well understood. There is evidence that 2 Gy of X-ray radiation inhibits
proliferation of articular chondrocytes in vitro [10]. Further, studies have shown that
articular chondrocytes take on a senescent phenotype post-irradiation [11]. However,
mixed results occur with proteoglycan synthesis and degradation depending on
chondrocyte type and maturity. In vivo and in vitro evidence has shown that ionizing
radiation can inhibit the synthesis of proteoglycans in epiphyseal chondrocytes [12,13].
Additionally, in vitro studies indicate that radiation exposure can inhibit proteoglycan
synthesis in articular chondrocytes [13]. Furthermore, ionizing radiation has been shown
to accelerate proteoglycan degradation [13], which leads to glycosaminoglycan (GAG)
loss from the tissue. This could functionally weaken the tissue as a decrease in articular
cartilage GAG content leads to a lowered compressive modulus.
The purpose of this study was to characterize the effects of ionizing radiation on
the mechanical properties of murine articular cartilage. While previous studies have
suggested that radiation could either lower matrix production or induce degradation of
cartilage, no study has investigated how radiation can impact the mechanical properties
of articular cartilage. In situ mechanical testing of rodents has been difficult in the past
due to small sample size; however, it is now possible due to recent technological
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advances such as atomic force microscopy (AFM) [14]. In this study, we employed
different radiation types to determine the effect of different radiation qualities on the
mechanical properties of cartilage tissues. An X-ray source and a proton particle
accelerator were used to mimic radiation exposure experienced during X-ray and proton
cancer radiotherapy, respectively. Although limited tissue availability restricted the
sample number in this small study, the results are indicative of functional changes that
may occur to cartilage after exposure to radiation at clinically relevant doses. This
provides important motivation for continued study.

4.3 Materials and Methods
Animal Model
Two separate experiments were performed to determine the effects of both X-ray
(photon) and proton radiation on articular cartilage tissue. Female C57BL/6 mice aged 16
weeks were used as the animal model for the X-ray study (Taconic, Hudson, NY, USA),
and 10 week-old male C57BL/6 mice bred at Georgetown University were examined for
the proton study. All protocols were approved by the Institutional Animal Care and Use
Committee at Clemson University and Georgetown University.

X-Ray Irradiation
In the first experiment, the irradiated group (n = 3) was exposed to a 2 Gy, 125
peak kilovoltage (kVp), whole-body dose of X-rays while under anesthesia (1.5%
isoflourane). A 150 kV industrial portable X-ray unit was used for the irradiations
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(Philips Medical Systems, Bothell, WA, USA). Non-irradiated mice were anesthetized
and sham-irradiated (control group, n = 3).

Proton Irradiation
For the second study, high-energy proton (1 GeV/n) exposure was performed at
the National Aeronautics and Space Administration (NASA) Space Radiation Laboratory
(NSRL) at Brookhaven National Laboratory. Mice were placed in individual transparent
rectangular Lucite box (3”x1.5”x1.5”) with multiple holes. Control mice were not
exposed to radiation (n = 2). Irradiated mice (n = 2) were irradiated with horizontal
beams (i.e., lateral exposures) with 3 Gy of protons (dose rate of ~1 Gy/min). Proton
dosimetry was performed by the NSRL Physics team and has been described in detail
elsewhere [15]. To ensure uniform linear energy transfer (LET) values, mice were
exposed at the entrance plateau region of the Bragg curve of the beam, and beam
uniformity (±2%) across the exposure field was calculated by densitometric analysis of
exposure images obtained from the NSRL Physics laboratory and analyzed using ImageJ
v1.45g software. Tissue availability was limited because the primary purpose of the study
was to examine radiation effects on other tissues.

Tissue Harvest
The mice from the X-ray experiment were humanely euthanized 7 days after
irradiation. The right femur from each animal was dissected, then immediately stored in
Hank’s Balanced Salt Solution (HBSS) without calcium, magnesium, or phenol red at
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3oC (Thermo Fisher Scientific, Waltham, MA, USA). Two of the samples from each
group underwent AFM mechanical testing, while one was reserved for histological
analysis.
The mice from the proton study were humanely euthanized 24 hours after
radiation exposure, and the right femur was removed for processing. Specimens were
placed in low glucose Dulbecco’s modified Eagle’s medium (Hyclone Laboratories,
Logan, UT, USA) supplemented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA, USA), 1% nonessential amino acids (Lonza, Allendale, NJ, USA),
1% penicillin G, streptomycin, and amphoticerin B (Gibco, Carlsbad, CA, USA), 20 mM
ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), 10 mM HEPES buffer (SigmaAldrich), and 0.4 mM proline (Sigma-Aldrich) and shipped on ice to Clemson University.
Upon arrival at Clemson, samples were incubated at 37oC, with 5% CO2.

AFM Mechanical Testing
Samples from both studies were cultured for 10 days prior to mechanical testing
to allow for transportation of tissues and provide consistency between studies. The day of
testing, each was femur bisected transversely, and the bone end of the sample was
secured in paraffin wax using a custom rectangular mold. The bones were set at 45, with
the condyles on the distal end exposed and the anterior side facing up. For adequate
mounting, the non-exposed part of the femur was dried; however, the exposed end of
each sample was constantly hydrated with HBSS or culture media.
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Standard indentation was performed using a Veeco Dimension 3100 AFM with a
Hybrid head and Nanoscope IVa controller (Veeco Instruments, Plainview, NY, USA). A
borosilicate glass cantilever with a 0.12 N/m nominal spring constant and a 5 m
diameter spherical indenter was utilized (Novascan Technologies, Ames, IA, USA). The
tissue was indented to about 1 m at a speed of 1 m/s, then immediately retracted at the
same speed. This procedure was immediately repeated four times for each area tested,
and each sample was tested at 3 locations; tissue was maintained in fluid for the duration
of the experiment. The Young’s modulus of each test location was calculated using the
Hertz model, which assumes an infinitely hard sphere indents a flat, linearly elastic,
deformable, infinite half-space [16]. The Poisson’s ratio was assumed to be 0.5 since
previous experiments have found the instantaneous Poisson’s ratio to be ~0.5 [17]. To be
consistent with the assumptions of the Hertz model, the model was fit only to the first
500 nm of indentation.

Histological Analysis
The samples from the X-ray experiment reserved for histological analysis were
fixed 10 days after dissection to allow for the same incubation time as the samples tested
by AFM. The tissues were placed in 10% neutral buffered formalin for 5 days. The
femurs were then decalcified in a formic acid solution for 48 hours (Immunocal, Decal
Chemical Corporation, Tallman, NY, USA). Each sample was then embedded in paraffin
and cut into 6 m thick sagittal sections. Half of the sections were stained with Safranin
O and counterstained with Fast Green to assess proteoglycan and collagen content,
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respectively (Thermo Fisher). The remaining half of the sections were stained with
Hematoxylin and Eosin to investigate cell morphology and tissue thickness (Thermo
Fisher).

Statistics
The Young’s modulus values for the 5 replicates at each location were pooled to
get the average Young’s modulus for each location. It should be noted that force-depth
curves were nearly identical for each replicate within a given location. The average
Young’s modulus values of irradiated samples were compared to controls and tested for
significance using the Student’s t-test (n = 6). Analysis of variance (ANOVA) was used
for detection of inter-animal variability between each group (control and irradiated). The
threshold for significance for both tests was set at a 5% chance of Type I error (p < 0.05).
All data are shown as mean  standard error of the mean (SEM).

4.4 Results
For both experiments, the irradiated samples showed much lower forces at the
same indentation depth as the non-irradiated controls during AFM indentation (Figure
4.1). This translated to a much lower calculated elastic modulus (Figure 4.2). In both
experiments, the modulus of the irradiated tissue was nearly 10 times lower than that of
the control. For the proton experiment, the average Young’s modulus was 31.873.96
kPa and 3.540.01 kPa for the control and irradiated groups, respectively. For the X-ray
experiment, the average Young’s modulus was 23.620.49 kPa and 2.310.33 kPa for the
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control and irradiated groups, respectively. The representative force-depth curves of the
AFM indentation are shown in Figure 4.1. ANOVA tests showed no significant interanimal variability within each group.
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a)

b)

Figure 4.1 Representative AFM indentation data showing control (non-irradiated) data
in blue and irradiated data in red for the: a) 2 Gy X-ray experiment; and b) 3 Gy proton
experiment. Error bars show SEM.

Figure 4.2 Young’s modulus of control (blue) and irradiated (red) cartilage calculated
from AFM indentation data from both the proton and X-ray experiments. The Young’s
moduli for irradiated samples were significantly lower than their non-irradiated controls
(*, p < 0.05, n = 6). Error bars show SEM.
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Safranin O staining was performed in order to examine proteoglycan content of
the tissue samples. Qualitatively, the proteoglycan content present in the non-irradiated
cartilage samples seemed greater than that in the irradiated samples (Figure 4.3).
Additionally, chondrocyte density and gross morphology of the tissue was qualitatively
similar for both groups (Figure 4.4). The thickness of the articular cartilage tissue was
similar between the non-irradiated an irradiated samples; from replicate measures, it was
~65 m. However, due to the small sample numbers, quantitative analysis of the
histology data was not possible.

a)

b)

Figure 4.3 Safranin O staining of a) control and b) X-ray irradiated cartilage. Sulfated
proteoglycans will stain red in the cartilage. Scale bar represents 20 m.
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a)

b)

Figure 4.4 Hematoxylin and eosin staining on tissue taken from a) control and b) animals
irradiated with a whole-body dose of 2 Gy X-rays. Scale bar represents 200 μm.

4.5 Discussion
Joint damage following irradiation is a relatively undescribed challenge that may
face radiotherapy patients. Arthropathy can occur in joints following radiotherapy or
occupational exposure [7]. To date, no conclusive link exists between radiation and
articular cartilage damage. Studies of radiation’s effects on articular cartilage structure
and function, often dependent on the radiation model, are inconsistent [13,10,6].
However, some studies have noted that radiation can lower proteoglycan synthesis and
may induce cartilage degradation, both of which could induce a decrease in the stiffness
of articular cartilage [13].
In these two pilot studies, we showed that exposure to low doses of photon and
charged-particle radiation can cause a severe reduction in the stiffness of articular
cartilage. This is the first investigation to document such damaging mechanical effects on
articular cartilage following radiation exposure. The extreme reduction in elastic modulus
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following exposure to both X-rays and protons suggests that the superficial zone of the
cartilage may be degraded, matrix synthesis may be impaired, or these and a combination
of other factors may be occurring.
The Young’s modulus values observed in our control samples for both studies
were similar to values for articular cartilage found in the literature using similar AFM
experimental setups, indenter radius, and indentation speed [15]. At small indentation
depths, we observed that articular cartilage from mice irradiated with X-rays and protons
is much less stiff than cartilage from non-irradiated animals (Figure 2). Such a large
difference in elastic modulus suggests that marked degradation in the cartilage may occur
after exposure to radiation. The average elastic modulus of both the X-ray and protonirradiated samples was very similar, while the elastic modulus was somewhat higher in
the control samples of the X-ray study than in the control samples in the proton study.
This is likely due to the differences in the age and sex of the mice. Transit times from
tissue harvest to mechanical testing were minimized; however, the tissues from the X-ray
study were preserved at 3oC in HBSS, while tissues from the proton study were
maintained in complete tissue culture.
While we were able to characterize mechanical properties of articular cartilage
using AFM, we were unable to determine whether the observed difference is a surface
effect only or whether radiation affects the entire thickness of the tissue. Due to the
limitations of the AFM, we were able to probe only relatively small (1-2 m) indentation
depths, a small fraction of the average articular cartilage thickness of our specimens (~65
m). Therefore, a microscale indentation method is necessary to perform mechanical
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tests on the tissue as a whole. Further, a larger animal model, such as a rabbit, would
provide samples large enough to test on a microindentation tester.
A contributor to the observed loss of mechanical strength may be a decrease in
proteoglycan concentrations. Proteoglycans and their associated GAGs are thought to be
responsible for up to half of the equilibrium modulus of the tissue [18]. Therefore, since
we observed a ~90% decrease in modulus, it is unlikely that GAG degradation alone is
responsible for the dramatic decrease in modulus we observe. Another factor, such as
collagen content or degradation, is likely contributing to the dramatic loss of stiffness.
There is evidence that exposure to radiation increases reactive oxygen species
formation [11,19], which is known to accelerate proteoglycan degradation and suppress
proteoglycan synthesis. Additionally, possible inflammatory responses may cause even
more damage. If more tissue could be obtained, biochemical investigations could be
performed to determine the mechanism and timing of degradation (particularly longerterm studies to assess chronic effects).
In conclusion, in this small study, the Young’s modulus of murine articular
cartilage was found to decrease after exposure to ionizing radiation. Further testing is
necessary to determine whether radiation affects just the superficial zone or the entire
thickness of the tissue and whether these changes are acute short-term responses or are
present long-term after exposure. Larger-scale mechanical testing, and therefore, largerscale animal models (e.g., rabbit) may be necessary to answer this question. Additionally,
biochemical investigation would allow for the identification of the mechanisms that cause
cartilage degradation after radiation exposure. This may lead to development of
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pharmacological countermeasures that will help to prevent joint damage in cancer
patients undergoing radiotherapy.
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CHAPTER FIVE
EFFECT OF LOW DOSE X-RAY IRRADIATION ON PORCINE
ARTICULAR CARTILAGE EXPLANTS

5.1 Abstract
Ionizing radiation therapy is a crucial treatment often used to control the growth
and spread of cancer cells. While articular cartilage was once thought to be relatively
radiation resistant, the few studies that have investigated radiation’s effects on cartilage
report conflicted results. In this study, we showed that 2Gy of X-ray radiation causes a
significant reduction in the stiffness of porcine explants 1 week post-irradiation. By using
both microindentation and indentation-type atomic force microscopy, we demonstrated
that ionizing radiation not only reduces stiffness in the superficial zone, but throughout
the entire thickness of the tissue. Young’s modulus values were 75% and 60% lower in
2Gy irradiated samples when compared with controls using microindentation and
nanoindentation, respectively. Glycosaminoglycans (GAGs) released into the culture
media were of irradiated samples was twice that of controls 24 hours after radiation
exposure. While collagen content in the tissue is similar between groups, GAG content is
55% lower in irradiated explants compared with controls 1 week after radiation
treatment. Therefore, the irradiated explants are unable to recover from the initial loss of
GAGs by one week after radiation exposure. This acute loss of GAGs is a likely
contributor to the reduction in modulus seen after exposure to ionizing radiation.
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5.2 Introduction
Ionizing radiation has developed into a key treatment option to prevent tumor
growth and metastasis in cancer patients. However, radiation can cause both acute and
chronic damage to normal tissues through a dynamic process involving cell death, as well
was altered cell-cell communication and inflammatory response [1, 2]. Traditionally,
cartilage and musculoskeletal tissues had been considered relatively radiation insensitive
when compared to tissues with highly proliferative or undifferentiated cells [3-5].
However, recent studies have shed new light onto the sensitivity skeletal tissues to low
doses of radiation. Acute bone loss has been observed in animal models after exposure to
2Gy of X-ray or gamma radiation caused by an increase in osteoclast number [6, 7].
Clinically, radiation therapy has been shown to increase the risk of femoral neck fractures
in women aged 65 and older with a dose-response relationship [8, 9]. Similar to bone,
joints often receive a significant dose of radiation during cancer radiotherapy. However,
little information is known about the functional effects of mature articular cartilage to
ionizing radiation.
Many studies have explored the response of cartilage to ionizing radiation
exposure. However, scientists and clinicians have generally focused efforts studying
radiation effects on epiphyseal plate cartilage rather than articular cartilage. The
detrimental effects of radiation to the growth plate have been well documented for over a
century in pediatric cancer patients, with significant loss in growth to radiation-treated
limbs [10-12]. The studies that have investigated the response of articular cartilage to
irradiation have often reported inconsistent results. For example, some studies conclude
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that radiation has little to no effect on articular cartilage [13, 14].while others show
clinical evidence of articular cartilage damage post-irradiation at therapeutically relevant
doses (~30Gy, fractionated) [15]. Additionally, some experiments showed a dosedependent suppression in collagen II synthesis following radiation exposure [16]. but
other studies saw no significant difference in collagen II synthesis [17]. Furthermore,
some groups note a significant reduction in proteoglycan synthesis post-irradiation [17,
18]. while other studies actually show an increase in proteoglycan synthesis after
radiation treatment [19]. Accelerated proteoglycan degradation has been observed after
radiation exposure [17]. If radiation causes an increase in proteoglycan degradation and a
decrease in proteoglycan synthesis, a reduction compressive modulus of the irradiated
cartilage is imminent. In our pilot study, we show a significant decrease in the Young’s
modulus of articular cartilage in mice one week after a 2Gy, whole-body irradiation with
X-rays (Chapter 4) [20].
The goal of this study was to characterize the alterations in mechanical properties
and matrix composition in porcine articular cartilage explants following exposure to low
doses of X-ray radiation. Though previous research has examined matrix biosynthesis
and degradation post-irradiation, no studies have addressed the possible mechanical
alterations that might occur following radiation exposure. While our prior studies showed
a marked decrease in modulus following radiation exposure, the scope of these results in
limited. Due to the small size of murine articular cartilage, indentation-type atomic force
microscopy (IT AFM) was used to measure the Young’s modulus of the tissue. However,
the limitations of IT AFM only allow for the tissue to be indented 1-2m, while we
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measured the thickness of our articular cartilage sample to be ~70m. Therefore, in this
study, we sought to determine radiation induces a reduction in stiffness in the superficial
zone, or if it affects the entire bulk properties of the articular cartilage by running
mechanical tests at multiple length scales.

5.3 Materials and Methods
Tissue Harvest and Culture
Articular cartilage was excised from fresh tibiofemoral condyles of 4-6 month old
swine using aseptic techniques (Snow Creek Meat Processing, Seneca, SC). Explants
were cut into disks 5mm in diameter and ~2mm thick using a dermal biopsy punch.
Cartilage disks were rinsed in Hank’s balanced salt solution (HBSS) supplemented with
1% penicillin/streptomycin and amphotericin B (Gibco, Carlsbad, CA). After 3 rinses,
explants were individually placed in 24-well plates and separated into control and
irradiated groups. All samples were cultured at 37C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA), 1% nonessential amino acids, 1%
penicillin G, 1% streptomycin, and 1% amphoticerin B (Gibco), 20 mM ascorbic acid, 10
mM HEPES buffer, and 0.4 mM proline (Sigma-Aldrich, St. Louis, MO) [21]. Culture
media was replaced every other day. For all studies, each animal was represented with 2
explants, 1 for the control group and 1 for the treatment group (2Gy X-ray irradiation).
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X-Ray Irradiation
Cartilage disks were equilibrated for 24h in tissue culture conditions before
irradiation. The covers of the 24-well plates were removed and the plates were placed in
sterile plastic bags to prevent attenuation of the X-rays (the X-ray source was above the
samples). Explants in the irradiated group were exposed to 2 gray (Gy) of 125 peak
kilovoltage (kVp) X-rays using a 150kV industrial portable X-ray unit (Philips Medical
Systems, Bothell, WA). Control samples were placed in plastic bags and transported to
the X-ray facility (but not irradiated) to prevent discrepancies in culture conditions.

AFM Nanoindentation Testing
Samples from both groups (n = 5) were cultured for either 24h or 168h after
radiation exposure (or sham irradiation for control group). Each explant was placed on a
glass slide, hydrated with culture media, and securely mounted on the atomic force
microscope (AFM). Standard indentation testing in fluid was performed on an Asylum
Research MFP-3D. A borosilicate glass cantilever with a 0.12 N/m nominal spring
constant and a 5m diameter spherical indenter was utilized for the indentation testing.
Samples were indented 1m at a speed of 1m/s.

Microindentation Testing
Control and irradiated samples (n = 5) were cultured and tested using
microindentation at the same time points as the AFM indentation. Each samples was
placed in a Petri dish and covered in culture media. Cartilage disks were indented using a

56

CETR Universal Mechanical Tester with a 20N load cell and a 1mm diameter stainless
steel spherical indenter. Explants were pre-loaded to a force of 0.15N for 20s, then
indented 300m at a speed of 5m/s.

Indentation Data Analysis
Both the nanoindentation and the microindentation curves were fit the to Hertz
model, which assumes an infinitely hard sphere indents a flat, linear elastic, infinite halfspace:

where F is the measured force (N), E is apparent Young’s modulus (Pa),  is Poisson’s
ratio, and R is the spherical indenter radius (R = 2.5 m), and  is the indentation depth
(m) [22]. Since biological tissue is nearly incompressible, the Poisson’s ratio () was
assumed to be 0.5 [23]. Since cartilage is viscoelastic in nature and the Hertz model
assumes linear elastic behavior, only the first 250nm and 100m of indentation were used
to fit the Hertz model to the nanoindentation and micoindentation curves, respectively.
Each explant was indented at 3 different locations and AFM samples were indented 5
times at each location.

Quantification of GAG Content
Glycosaminoglycan (GAG) degradation and synthesis was analyzed by measuring
the sulfated GAG (sGAG) quantity in the cartilage explants and in culture media.
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Conditioned media was collected immediately before irradiation (Day 0) and 1, 3, and 7
days after radiation exposure. Articular cartilage tissue explants were digested 7 days
post-irradiation using previously described methods [24]. Briefly, explants were
individually placed in 500L papain solution consisting of 125g/mL papain, 0.1M
sodium acetate, 5mM EDTA, 5mM L-cysteine-HCl and heated at 60C for 12h (SigmaAldrich). Media and digests were tested for sGAG content using the dimethylmethylene
blue colorimetric assay [25, 26]. Using a 96-well plate, 180L of dimethymethylene blue
was added to 20L of each sample. The standard curve was created using increasing
concentrations of chondroitin sulfate (Sigma-Aldrich). Absorbance was read immediately
at 525nm using a Synergy 3 microplate reader and each reaction was performed in
triplicate (BioTek, Winooski, VT). Sulfated GAG content for each sample was
determined by substituting its absorbance measurement into the linear regression
equation determined using the standard curve, then normalized to each cartilage explant’s
wet weight.

Quantification of Collagen Content
Collagen concentrations were assessed in the explants 7 days after radiation
exposure using the hydroxyproline (HYP) colorimetric method [27, 28]. Following
papain digestion as described before, 100L of the tissue lysates were hydrolyzed by
adding 900L of 6M HCl and heated at 110C for 18h. Following hydrolysis, the lysates
were neutralized using NaOH and diluted to 5mL to minimize salt concentrations. In a
96-well plate, 100L of Chloramine T was added to 10L of each sample and incubated
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for 5 minutes at room temperature. Then, 100L of Ehrlick’s reagent (DMAB) was added
to each well and incubated for 90m at 60C. Trans-4-hydroxy-L-proline in increasing
concentrations was used to create the standard curve (Sigma-Aldrich). All reactions were
performed in triplicate. The absorbance was read at 560nm on the microplate reader.
HYP content was calculated by using the measured absorbance and the linear regression
equation fit to the standard curve, then normalized to tissue wet weight.

Histology
Histological techniques were used to examine alterations to cell morphology and
matrix composition in the explants following radiation exposure. Control and irradiated
cartilage samples were fixed with 10% neutral buffered formalin 1 and 7 days after
radiation exposure. Cartilage disks were embedded in paraffin wax and cut into 6m
cross-sections using a microtome. Explants were then stained with 1 of 3 stains.
Hematoxylin and Eosin (H&E), Safranin O-Fast Green, and Masson’s Trichrome were
used to assess cell viability, GAG integrity, and collagen content, respectively.

Statistics
All data are shown as mean ± standard deviation. Significance was determined
using SigmaStat version 3.5 (Systat Software, Inc.; Richmond, CA). For both the
microindentation and nanoindentation data, a Student’s t-test was used to compare
Young’s modulus between control and irradiated groups (n=15 per group, 5 animals, 3
locations). One-way analyses of variance (ANOVAs) were used to test for inter-animal
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variability within each group (n=3 locations per animal). Student’s t-tests were used to
test for significance in GAG content between control and irradiated samples for the DMB
assay on the culture media (n=6 per group) and tissue (n=9 per group). Additionally, oneway ANOVAs followed by Tukey’s post hoc tests were used to compare GAG content in
conditioned culture media between different days within the same treatment group (n=6
per day). For the hydroxyproline assay, a Student’s t-test was used to test for significance
in collagen content control and irradiated cartilage explants (n=9 per group).

5.4 Results
Mechanical Testing
One week after radiation exposure, the average Young’s modulus in the articular
cartilage calculated from both the microindentation and AFM curves was significantly
lower in the irradiated groups when compared to the non-irradiated groups (p < 0.001,
Figure 5.1). The Young’s modulus values were about 75% and 60% less in the irradiated
cartilage when compared with the control cartilage for microindentation and
nanoindentation, respectively. For both mechanical testing modalities, there were no
significant differences in Young’s modulus between animals within each group (p >
0.01).
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Figure 5.1 Young’s modulus values for control (purple) and 2Gy-irradiated samples
estimated using the Hertz model tested by a) microindentation and b) nanoindentation.
The modulus values for irradiated samples were significantly lower than control samples
using both mechanical tests (*, p < 0.001, n = 15). Error bars show standard deviation.

Dimethylmethylene Blue Assay
Using the DMB assay, normalized sulfated GAG (sGAG) content was
significantly lower in the 2Gy irradiated cartilage tissue when compared with the control
cartilage 7 days after radiation exposure (p < 0.05, Figure 5.2). The DMB assay also
showed significantly higher sGAG released into the culture media in irradiated samples
when compared to control samples at Day 1 (p < 0.001), while there was no significant
difference in sGAG content released between treatment groups at the Day 0, 3, or 7 time
points (p > 0.05) (Figure 5.3). Sulfated GAG concentrations in the conditioned culture
media at Day 1 were about twice as high in the irradiated group when compared with the
control group. Moreover, Tukey’s post hoc tests showed that GAG concentrations in the
culture media of the irradiated cartilage samples were significantly higher at Day 1 than
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Days 0, 3, and 7 (p < 0.001). Sulfated GAG content in the media of the control group was
significantly higher at Day 1 compared to Day 3 (p < 0.01).
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Figure 5.2 Normalized sGAG content in the tissue at Day 7, the time point used for
mechanical testing. Irradiated samples had significantly lower sGAG content when
compared to control groups (*, p < 0.05, n = 9). Error bars indicate ±standard deviation.
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Figure 5.3 Normalized sGAG content in the culture media over time (n = 6, error bars
±standard deviation). Significantly higher sGAG was released into the media in irradiated
samples when compared to control samples at Day 1 (*, p < 0.001), while there was no
significant difference in sGAG released between treatment groups at the Day 0, 3, or 7
time points. Concentrations of sGAG in the media of the irradiated samples were
significantly higher at Day 1 when compared to Days 0, 3, and 7 (#, p < 0.001).
Additionally, sGAG content in the media of the control samples was significantly greater
at Day 1 when compared with Day 3 (**, p < 0.01).

Hydroxyproline Assay
Normalized hydroxyproline (HYP) concentrations in the cartilage tissue 1 week
post-irradiation averaged at 12.62  1.43 and 12.96  3.35 mg HYP/g total tissue for
control and irradiated samples, respectively (Figure 5.4). There was no significant
difference in hydroxyproline content between control and irradiated cartilages explants (p
> 0.1).
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Figure 5.4 Normalized hydroxyproline content in control and irradiated tissue at Day 7.
There was no significant difference in hydroxyproline content between groups (p > 0.1, n
= 9). Error bars indicate ±standard deviation.

Histology
Qualitatively, no differences were seen between control and irradiated samples for
all 3 histological stains (Figure 5.5). For Hematoxylin and Eosin stained sections, there
were no signs of significant apoptosis or necrosis in either the control or irradiated
samples, and chondrocyte density and morphology were similar between groups. The
Safranin O-Fast Green-stained samples showed no signs of osteoarthritis using the
Osteoarthritis Research Society International (OARSI) scoring system [29]. Sections
stained with Masson’s trichrome showed similar collagen staining between control and
irradiated explants.
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Figure 5.5 Histological cross sections of articular cartilage explants stained with H&E,
Safranin O, and Masson’s trichrome. Qualitatively, there were no differences seen
between control and irradiated samples. Scale bars represent 100m.
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5.5 Discussion
Joint degeneration following exposure to ionizing radiation has been a relatively
unexplored issue that may face radiation therapy patients. While studies have shown that
radiation can cause arthopathy in the hip and knee (commonly termed “post-irradiation
osteoarthritis”), the etiology of these injuries has been attributed to radiation-induced
infection and osteonecrosis, rather than the normal causes of osteoarthritis [30, 31].
Previously, there was no substantial evidence that radiation causes damage to articular
cartilage, whose degeneration results in an inflammatory response that further damages
the cartilage in normal osteoarthritis [32, 33]. Studies examining the effects of cartilage
irradiation are often conflicted, possibly the result of inconsistent radiation dosing and
different animal/cell models [14, 17, 34]. Nonetheless, there are studies that show
lowered proteoglycan synthesis in cartilage after radiation exposure, which could result in
a lowered compressive stiffness of the tissue [17].
In this study, we demonstrated that low doses of radiation causes a significant
decrease in the compressive stiffness of articular cartilage at multiple length scales
(Figures 1 and 2). In addition, the Young’s modulus values for our control tissue are
comparable to those found in the literature using similar testing parameters for both
microindentation and IT AFM [35, 36]. With Young’s modulus values around 75% and
60% less in irradiated samples compared with controls using microindentation and
nanoindentation, respectively, we believe that radiation affects the entire thickness of
articular cartilage, not just the superficial zone. Such a drastic reduction in mechanical
properties following irradiation suggests that alterations are occurring in the matrix.
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Results from the DMB assay suggest that an acute release of GAGs occurs within
24 hours of radiation exposure. Samples exposed to radiation showed significantly higher
sGAG levels in the culture media at Days 1 when compared with Days 0, 3, and 7. Also,
sGAG release in the control samples was significantly higher at Day 1 when compared
with Day 3, but this is usually seen in cartilage explants cultures [37]. At Day 1,
irradiated samples released around twice as many sGAGs in the media when compared
with controls. In both control and irradiated samples, sGAG concentrations in the media
decrease to around Day 0 levels by Day 3 and maintain this concentration through Day 7.
However, the concentration of sGAGs in the irradiated tissue is over 50% less than the
concentration found in control tissue. This suggests that irradiated samples are unable to
synthesize enough GAGs to replenish the degraded GAGs after 1 week post-irradiation.
Proteoglycans and their associated GAGs are only estimated to be responsible for
about 50% of the compressive stiffness of articular cartilage [38]. Since we observe that
the Young’s modulus decreases by at least 60% after radiation, it is unlikely that GAG
loss is the only factor affecting the modulus post-irradiation. Cell viability did not appear
to be affected by this radiation dosage; H&E stained sections showed no evidence of
necrosis or apoptosis after radiation exposure. However, collagen structure in the matrix
may have been affected by the radiation. While we saw no significant difference in
collagen content between control and irradiated groups, the hydroxyproline assay is
unable to detect the type or integrity of collagen in the tissue. As a result, we are unable
to determine if changes in collagen type (e.g., from type II to type I) or structural damage
are contributing to the reduction in modulus post-irradiation. However, it is unlikely that
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this relatively low-level of radiation causes severe changes to the collagen matrix
integrity. There was no observable fibrillation in our irradiated histology samples stained
with Masson’s trichrome or Safranin O.
In conclusion, the Young’s modulus of articular cartilage was found to decrease
after exposure to low doses of ionizing radiation, regardless of mechanical testing length
scale. Therefore, we believe that radiation affects the bulk mechanical properties of the
cartilage, not only the superficial zone. The acute release of GAGs is a likely contributor
to this change in stiffness, as irradiated samples had a significantly higher release of
GAGs 24 hours after irradiation. Therefore, further investigation should be performed to
determine if radiotherapy causes long term damage to articular cartilage.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions
While much research has focused on understanding the effects of ionizing
radiation on biological tissue, few studies have investigated the response of articular
cartilage to radiation exposure. Even though a concerted effort is made by clinicians to
reduce the amount of healthy tissue exposed to radiation during radiotherapy, it is
virtually impossible to prevent all healthy tissue from being exposed while effectively
treating the tumor. Joints are often exposed to radiation during treatment of tumors in
bone. This research is aimed at characterizing the response of articular cartilage to
radiation exposure.
In our first study, we used an in vivo murine model to determine the mechanical
properties of articular cartilage after radiation exposure. We measured Young’s modulus
of femoral articular cartilage using indentation-type atomic force microscopy (IT AFM),
and determined that low, whole-body doses of both X-ray and proton radiation caused
about a 90% decrease in the compressive stiffness of articular cartilage in mice one week
after exposure. However, due to the limitations of IT AFM, we were unable to determine
if radiation affects the bulk mechanical properties, or only the modulus in the superficial
zone. Histological analysis qualitatively showed a decrease in proteoglycan staining in
irradiated samples, but there were no signs of cell death or alterations in chondrocyte
density after radiation exposure.
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For our second study, we sought to determine if radiation affects the mechanical
properties of the entire thickness of the articular cartilage, or only the mechanics in the
superficial zone. To accomplish this, both micro-scale and nano-scale indentation tests
were performed on porcine cartilage explants cultured in physiological conditions.
Results showed a significant reduction in Young’s modulus for irradiated samples tested
both with microindentation and IT AFM. Therefore, we determined that radiation causes
a significant reduction in stiffness not only at the articular surface, but throughout the
bulk tissue. Biochemical analysis of the culture media, showed a acute release of
glycosaminoglycans (GAGs) in irradiated samples within 24 hours after irradiation.
Furthermore, GAG content in the tissue was significantly lower in irradiated samples
compared with controls. This suggests that the irradiated tissue is unable to replace its
lost GAG supply by seven days post-irradiation. Histological analysis showed no signs of
necrosis or apoptosis after radiation exposure.

8.2 Recommendations
Determine Dose-Response of Articular Cartilage
Many tissues have been shown to have a dose-response to radiation. That is, the
higher the radiation dose, the greater the effect of the radiation on the tissue. In this work
we aim to determine how cartilage responds to varying doses ionizing radiation. The
porcine cartilage explants model used in our previous studies could be used to see if
higher doses of radiation result in a greater loss of proteoglycans in irradiated tissue.
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Perform Chondrocyte Metabolism Studies in 3-Dimensional Cell Culture
In these studies, the metabolic effects of radiation on chondrocytes will be studied
by measuring the gene expression of common markers in articular cartilage. Specifically,
aggrecan and collagen II could be targeted for normal chondrocyte expression, as well as
collagen I expression to detect a possibly pathology. Chondrocytes can be isolated and
cultured in physiological conditions. However, chondrocytes tend to spread and
dedifferentiate into a fibroblast-type phenotype when cultured in 2-dimensions on plastic,
reducing aggrecan and collagen II expression and increasing collagen I expression.
Therefore, it is necessary to preserve the spherical shape of chondrocytes to in order for
them maintain the correct morphology, and a 3-dimensional culture system will allow for
this.

Perform Studies on Healthy and Osteoarthritic Human Cartilage
While our previous experiments provide a good radiation model for cartilage, the
most accurate model for to measure radiation effects is cartilage uses human tissue.
Furthermore, it is of interest to compare the response of osteoarthritic cartilage to normal,
healthy cartilage. Since out previous studies show a reduction in proteoglycan after
irradiation, similar to what is seen in osteoarthritis, radiation exposure may aggravate the
degradation. Conversely, since proteoglycans are already reduced in the tissue and we see
an acute response to irradiation, exposure to radiation may have less of an effect on
osteoarthritic cartilage compared to healthy cartilage.
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APPENDICES
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Appendix A
Live/Dead Images of Chondrocytes in Alginate Constructs
Live/Dead confocal images of chondrocytes cultured in alginate constructs for 7 days.
The alginate beads were formed using the protocol found in Appendix C and Appendix
D. Chondrocytes showed good viability through 1 week of culture (live=green,
dead=red). This alginate culture system will be used in future studies to investigate the
gene expression, protein synthesis, and enzyme activity in chondrocytes exposed to
radiation. When plated in two dimensions, chondrocytes dedifferentiate into a fibroblastlike morphology, so culture in three dimensions is necessary to for chondrocytes to
maintain their correct morphology.
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Appendix B
Protocol for Making Cartilage/Chondrocyte Media
Updated 9/1/2011
Materials
1. Low glucose Dulbecco’s Modified Eagles Medium (add 435 mL to make 500 mL
media)
2. HEPES: 10 mM (1.192 g/500 mL media)
3. Proline: 0.4 mM (0.023 g/500 mL media)
4. Ascorbic Acid: 0.02 mg/mL (0.010 g/500 mL media)
5. Fetal Bovine Serum: 10% v/v (50 mL/500 mL media)
6. Nonessential Amino Acids: 1% v/v (5 mL/500 mL media)
7. Antibiotic-Antimycotic: 1% v/v (5 mL/500 mL media)
8. Ampicillin B: 1% v/v (5 mL/500 mL media)

Directions
1. Add HEPES, proline, and ascorbic acid to low glucose DMEM.
2. Filter sterilize DMEM solution with a 0.22m filter.
3. Add FBS, NEAAs, antibiotic-antimycotic, and ampicillin B to solution.
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Appendix C
Protocol for Isolating Chondrocytes From Porcine Cartilage
Updated 1/27/2012
Materials
1. Scalpel
2. Dissecting scissors
3. Dissecting forceps (2)
4. Hank’s Balanced Salt Solution
5. Cartilage media (see additional protocol)
6. Pronase E, Type XIV (Sigma P5147)
7. T-25 flask
8. Bacterial Collagenase, Type 2 (Worthington Biochemical LS004176)
9. 0.22 m filter units (2)
10. Scepter cell counter or hemocytometer
11. 80m cell strainer
Note: Scalpel, dissecting scissors, and 1 pair of dissecting forceps should be
autoclaved together and used in the dissection hood. Another pair of forceps should
be autoclaved separately and used in the biosafety hood.

Directions
1. Prepare 1% solution of pronase E in cartilage media and filter sterilize (must use
within 1 hour of making)
2. Obtain fresh knee joints from abbatoir (synovium intact)
To Be Performed in Dissection Hood
3. Dissect tibiofemoral joint, exposing articular cartilage
4. Shave off cartilage, cutting as closely to the cartilage-bone interface as possible
5. Cut pieces into approximately 2mm cubes
6. Place tissue into 50mL centrifuge tube with Hank’s Balanced Salt Solution
(HBSS)/1% antibiotic-antimycotic/1% ampicillin B
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To Be Performed in Biosafety Hood
7. Rinse 2X with sterile HBSS/1% antibiotic-antimycotic/1% ampicillin B
8. Transfer cartilage to a sterile T-25 flask with a gas-diffusible cap
9. Add pronase E solution and incubate at 37C and 5% CO2 for 1 hour; agitate after 30
minutes
10. Make 0.35% solution of bacterial collagenase in cartilage media and filter sterilize
(also use quickly)
11. Remove pronase E solution and rinse 2X with cartilage media
12. Add bacterial collagenase solution and incubate overnight (at least 6 hours)
13. Gently triturate the cell suspension by loading and unloading a 10mL pipet at a rate of
~3mL/s. Avoid bubbling the cell suspension.
14. Place an 80m cell strainer on a 50mL centrifuge tube and strain the cell suspension
15. Form a chondrocyte pellet by centrifuging at 1000rpm, then aspirate the supernatant
and add 5mL of fresh media and resuspend. Repeat an additional 2X.
16. After the final spin, aspirate the supernatant and fill with 1mL of fresh media and
resuspend
17. Count chondrocytes with either the Scepter or a hemocytometer
18. Begin culture; freeze remaining cells
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Appendix D
Protocol for Making Chondrocyte-Embedded Alginate Beads
Updated 3/8/2012
Materials
1.
2.
3.
4.
5.
6.
7.
8.

1.2% (w/v) alginate, sodium salt, medium viscosity (Sigma) in 0.9% sodium
chloride solution (sterilize by autoclaving)
102 mM calcium chloride
0.9% saline
chondrocyte culture media
20-G needle and syringe
6-well culture dishes
70 m cell strainers

Directions
1. Pellet isolated cells by centrifugation for 10 min 1000 rpm.room temperature.
Resuspend cell pellet in 1.2% alginate to 4*106 cells/ml of suspension.
2. Place sterile cell strainers in a 6-well plate to hold bead while changing solutions in
the plate.
3. While cells are being centrifuged, add 5 ml calcium chloride into each well of a 6well culture dish.
4. Draw the cell suspension through a 22G hypodermic needle into each well. Allow the
beads to polymerize in this solution for 10 min.
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Appendix E
Measurement of Radiation Absorbed Dose
The experimental design for all our studies used the absorbed dose to measure the
amount of radiation the tissue experienced. The SI unit for the absorbed dose is the Gray
(Gy). This measurement is typically calculated by subtracting the incident dose from the
exit dose. The incident dose is the radiation quantity emitted from the radiation source
and is determined by measuring the radiation dose in the middle of the radiation field
between the source and the sample. The exit dose describes the radiation passing through
the sample and is found by placing a detector behind the sample. The incident and
absorbed doses were measured using a thermoluminescent dosemeter.
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